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1084Objectives: Spinal cord injury in patients undergoing total arch replacement via median sternotomy is a rare but
catastrophic complication. With recent surgical advances, including the long elephant trunk technique or open
stent procedure, the incidence of spinal cord injury is increasing. In our institute, the long elephant trunk pro-
cedure is routinely performed when appropriate to the patient’s status. The aim of our study was to determine
risk factors for spinal cord injury during total arch replacement.
Methods: Since April 2004, 61 patients underwent total arch replacement with a 4-branched prosthetic graft.
The study population included 44 men and 17 women (mean age, 69.8  11.1 years). Thirty-three patients un-
derwent the long elephant trunk procedure with a mean length of 12.0  3.5 cm (range, 7-21.6 cm). The Adam-
kiewicz artery was detected by computed tomography in 11 patients. We assessed the perioperative factors
associated with spinal cord injury.
Results: Four (6.6%) patients had spinal cord injury (3 cases of paraplegia and 1 case of paraparesis). This con-
stitutes 12% of all patients having the long elephant trunk procedure. No patients with direct distal anastomosis
had a spinal cord injury. Univariate logistic regression analysis identified female gender, elephant trunk more
than 10 cm from the left subclavian artery, and nonpreserved Adamkiewicz artery as significant independent
risk factors for spinal cord injury. Both female gender (P ¼ .017) and long elephant trunk (P ¼ .005) were sig-
nificant by multivariate analysis.
Conclusions: Elephant trunk more than 10 cm from the left subclavian artery was associated with increased risk
of spinal cord injury. We recommend short elephant trunk or long elephant trunk with preservation of the Adam-
kiewicz artery to prevent spinal cord injury in patients having total arch replacement. (J Thorac Cardiovasc Surg
2011;142:1084-9)Neurologic complication in patients undergoing aortic arch
surgery is a catastrophic event, and a variety of techniques
have been described as treatment options, especially for
high-risk patients.1-3 Recently, total arch replacement
(TAR) through a median sternotomy with deployment of
a stent graft distal to the aneurysmal sac in a fashion
similar to the elephant trunk technique has been introduced
and used in patients with aortic arch aneurysm extending
to the descending aorta.4,5 This type of procedure, usually
termed frozen elephant trunk or stented elephant trunk, has
also been used for the treatment of acute or chronic aortic
dissection.6,7 Another report described TAR with a long
elephant trunk (LET) anastomosed at the base of the
innominate artery to reduce stress on the elephant trunk
anastomosis by placing the anastomosis in the less-dilated
and less-diseased segment of the aorta.8 These new tech-e Department of Cardiovascular Surgery, Hyogo College of Medicine, Hy-
apan.
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The Journal of Thoracic and Cardiovascular Surniques have markedly changed the strategy for aortic arch
aneurysm, especially in patients who need TAR, and may
have affected the incidence of postoperative neurologic com-
plication. Historically, the potential for stroke was the major
concern after aortic arch surgery2,9; however, the incidence
of paraplegia now seems to be increasing as the stented
elephant trunk and LET procedure have emerged.5,10-12
Spinal cord injury is usually considered a complication
after surgical procedures for descending thoracic or
thoracoabdominal aortic aneurysms.13 Therefore, it is im-
portant to predict and prevent this catastrophic event after
TAR, which was observed only infrequently using conven-
tional aortic arch surgery.
In our institute, both conventional direct distal anastomo-
sis and the LET procedure are adapted in patients undergo-
ing TAR, and the LET procedure is routinely performed
where appropriate to each patient’s status. Recently, we
started routine examination of the Adamkiewicz artery in
patients in whom the LET procedure was planned. The
aim of the present study was to clarify the risk factors for
spinal cord injury during TAR.
PATIENTS AND METHODS
Patient Characteristics
Since April 2004, 61 patients (44 male and 17 female; mean age, 69.8
11.1 years; range, 30-87 years) underwent TAR with a 4-branchedgery c November 2011
Abbreviations and Acronyms
CPB ¼ cardiopulmonary bypass
LET ¼ long elephant trunk
TAR ¼ total arch replacement
Nishi et al Acquired Cardiovascular Disease
A
C
Dprosthetic graft via a median sternotomy under hypothermic cardiopulmo-
nary bypass (CPB) and antegrade selective cerebral perfusion. Diagnosis
was made on the basis of preoperative enhanced computed tomography.
Aortic disease was true aortic aneurysm in 42 patients, acute type A aortic
dissection in 9, and chronic type B aortic dissection in 10 patients. The
mean left ventricular ejection fraction of all patients was 64.0%  8.0%
(range 40%-79%). Emergency operations were performed in 14 patients
for acute aortic dissection or rupture, and the other patients underwent elec-
tive operations. Two (3%) were reoperations for previous type A aortic dis-
section. Six patients had a history of infrarenal abdominal aortic aneurysm
repair. The Adamkiewicz artery was detected by computed tomography in
11 patients. Other demographic data are listed in Table 1.
Twenty-eight patients (true aortic aneurysm in 25; aortic dissection in 3)
underwent conventional TAR with direct distal anastomosis. Distal anasto-
mosis site of these patients did not extend so far distally, and it was possible
to anastomose only through a median sternotomy. The LET procedure was
performed in 33 patients whose aneurysm extended distally (n ¼ 17) or
who had aortic dissection (acute type A in 8 patients, chronic type B in 8
patients) with a mean length of 12.0 3.5 cm (range, 7-21.6 cm). The prox-
imal anastomosis site was just proximal to the left subclavian artery in 18
patients, proximal to the left carotid artery in 14, and proximal to the in-
nominate artery in 1 patient. The length of the elephant trunk was defined
as the length from the level of the left subclavian artery to the end of the
elephant trunk and was calculated in all patients with the LET procedure.
Associated operations included coronary artery bypass grafting in 8 (13%)
patients and valve surgery in 11 (18%) patients.
The Adamkiewicz artery was detected by contrast computed tomogra-
phy in 11 patients (Figure 1). Patients undergoing TAR with the LET pro-
cedure whose Adamkiewicz artery was detected and preserved were
defined as the preserved Adamkiewicz artery group. Patients who under-
went conventional TAR with direct distal anastomosis were also defined
as the preserved Adamkiewicz artery group. Patients with LET whose
Adamkiewicz artery was not detected, or detected and sacrificed, were de-
fined as the nonpreserved Adamkiewicz artery group.
Approval and individual informed consents for these procedures and
this study were obtained from our hospital ethics committee and from
the patients. All clinical patient data were prospectively collected on the
Japanese Adult Cardiovascular Surgery Database14 and retrieved for this
retrospective review. The relationship between incidence of spinal cord in-
jury, defined as paraplegia or paraparesis, and perioperative factor was
evaluated to determine the risk factors for spinal cord injury.
Surgical Technique
CPBwas established via various arterial cannulations, including right or
left axillary artery, ascending aorta, and single or bicaval venous drainage.
Concomitant femoral artery cannulation was routinely performed in almost
all cases. CPB was discontinued when patients were cooled to a rectal tem-
perature of approximately 18C to 25C. Antegrade selective cerebral per-
fusion was then initiated with an additional 3 cannulas in the innominate
artery, left carotid artery, and the left subclavian artery. This 3-vessel selec-
tive cerebral perfusionwas performed in all patients. The heart was arrested
by antegrade and retrograde cold blood cardioplegia.
We used 2 anastomosis methods for distal reconstruction: direct anasto-
mosis and LET. If the level of the anastomotic site was above the height of
the pulmonary artery and we could reach the anastomosis easily, directThe Journal of Thoracic and Caranastomosis was applied. The LET procedure (Figure 2) was chosen for pa-
tients with a far distal reconstruction site (below the pulmonary artery
level). After the ascending aorta was opened and the aortic arch was exam-
ined, we determined the proximal anastomosis site according to each pa-
tient’s condition. In most cases, the aortic arch was transected just
proximal to the left subclavian artery (n ¼ 18). We selected the proximal
anastomosis site as proximal to the innominate artery in 1 case and proxi-
mal to the left common carotid artery in 14 cases. The elephant trunk was
inserted into the descending aorta directly or with a catching wire, which
was introduced through the femoral artery. We determined the length of
the elephant trunk procedure by the degree of extension and pathologic
type of the aortic disease. Our basic strategy aimed for 1-stage repair for
aortic aneurysm, termed the so-called permanent elephant trunk,15 and
we attempted to introduce as long a graft as possible to exclude the aneu-
rysm. In cases of aortic dissection, we determined the appropriate length of
the elephant trunk by considering the entry site and the distal extension of
dissection. In patients whose Adamkiewicz artery was able to be detected,
the length of the elephant trunkwas contingent on the ability to preserve the
Adamkiewicz artery.
When the duration of distal circulatory arrest exceeded 60 minutes, we
performed a 10-minute distal perfusion from the femoral artery, inserting
an intra-aortic occlusion balloon into the descending aorta at the same low-
est temperature as we had during circulatory arrest. After the distal anasto-
mosis was completed, perfusion to the lower body was resumed via a side
branch of the 4-branched prosthetic graft, and the patient was gradually re-
warmed. Proximal anastomosis was then performed, and the remaining 3
branch grafts were anastomosed to the 3 arch vessels in an end-to-end fash-
ion, followed by discontinuation of selective cerebral perfusion.
Statistical Analysis
Data were analyzed with the Statview 5.0 program (SAS Institute, Inc,
Cary, NC). All values are expressed as mean  standard deviation. The
Mann-WhitneyU test was used for comparison of the continuous variables,
and a c2 test was used for comparison of frequencies between the groups.
Preoperative variables were analyzed by logistic regression to identify the
risk factors for the presence of spinal cord injury. A P value of less than .05
was defined for selecting variables for entry into the multivariate model.RESULTS
Operative Data
The mean CPB time was 241  37 minutes (range, 169-
370 minutes), aortic crossclamp time was 143 34 minutes
(range, 87-259 minutes), average selective cerebral perfu-
sion time was 149  27 minutes (range, 97-245 minutes),
and lower body ischemic time was 72 19 minutes (range,
21-122 minutes). The mean lowest body temperature was
21.5C  2.3C (range, 18C-25C). Concomitant proce-
dures were performed in 17 cases, isolated coronary artery
bypass grafting in 6 cases, isolated valve surgery in 9 cases,
and both in 2 cases. Two patients had a history of initial aor-
tic surgery. Among patients with the LET procedure, the
elephant trunk was longer than 10 cm in 18.Spinal Cord Injury
Spinal cord injury was present in 4 (6.6%) patients. This
constitutes 12% of all patients having a LET procedure.
The Adamkiewicz artery was not detected preoperatively
in these 4 patients. Three patients had paraplegia that devel-
oped immediately after the operation, and 1 patient haddiovascular Surgery c Volume 142, Number 5 1085
FIGURE 1. The Adamkiewicz artery was detected at the level between
Th9 and Th10.
TABLE 1. Patients’ demographics
Age (y) 69.7  11.0 (30–87)
Gender (male/female) 44/17
Predisposing factors
Hypertension 58 (95%)
Diabetes 8 (13%)
Hyperlipidemia 19 (31%)
Previous myocardium infarction 11 (18%)
Chronic renal failure 4 (7%)
History of infrarenal abdominal aortic
aneurysm repair
6 (10%)
Peripheral vascular disease 4 (7%)
Cerebrovascular disease 9 (15%)
Smoking 37 (61%)
Chronic obstructive lung disease 13 (21%)
Left ventricular ejection fraction (%) 64.0  8.0 (40–79)
Previous cardiac surgery 2 (3%)
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Dparaparesis. One patient underwent urgent surgery owing to
impending rupture of the distal arch atherosclerotic aneu-
rysm. A patient with chronic type B aortic dissection who
experienced paraplegia underwent angiography, which re-
vealed occlusion of the false lumen. Urgent descending
aorta prosthetic graft bypass and resection of the intimal
flap were performed to recanalize the false lumen. However,
paraplegia was not resolved. The other 2 patients had distal
arch aneurysm; 1 had paraplegia immediately after the op-
eration and the other had paraparesis. The levels of the spi-
nal cord injury were Th8 in 2 patients and Th9 in 2 patients.
All patients survived the operation, and 3 were transferred
to the rehabilitation hospital after 2 to 5 months, whereas
1 patient with paraparesis was discharged home. No pa-
tients with direct distal anastomosis had spinal cord injury.
Further, no patients undergoing TAR with the LET proce-
dure who had a preserved Adamkiewicz artery experienced
spinal cord injury.
Univariate logistic regression analysis identified female
gender, elephant trunk more than 10 cm from the left sub-
clavian artery, and preservation of the Adamkiewicz artery
as significant independent risk factors for spinal cord injury
(Table 2). Aortic disease (P ¼ .784) and history of abdom-
inal aortic aneurysm repair (P¼ .292) did not show any sig-
nificant difference. Likelihood ratio test of multivariate
analysis identified both female gender (P ¼ .017) and
LET procedure (P ¼ .005) as significant independent risk
factors.
Among 33 patients with a LET procedure, there were 18
patients with elephant trunk lengths of more than 10 cm
from the left subclavian artery. Spinal cord injury occurred
in 4 (22%) patients in this group. None of the other 15 pa-
tients had spinal cord injury. In the group with a LET pro-
cedure, there were 4 patients whose Adamkiewicz artery
was detected and preserved (Figure 3), and these 4 patients
did not have spinal cord injury postoperatively. When1086 The Journal of Thoracic and Cardiovascular Surlength of the elephant trunk more than 10 cm and female
gender were combined, there was a high incidence of spinal
cord injury (3/5, 60%).Operative Results
There were 2 in-hospital deaths in our study. One patient
who had a stroke postoperatively died of liver and respira-
tory dysfunction at 16 days, and the other patient who
also had a minor stroke after the operation died of ventric-
ular arrhythmia at 2 months. Three patients had postopera-
tive stroke (4.9%; major stroke in 1 case; minor stroke in 2
cases), and there were 3 cases of reexploration for bleeding.
Prolonged ventilation (>48 hours) was required in 18 pa-
tients. A second-stage procedure was required in 7 patients
with a LET procedure; mean interval between the initial and
second procedure was 51  44 months. Thoracic endovas-
cular stent grafting was performed in 4 patients and de-
scending aortic replacement via a left thoracotomy in 3
patients, including 1 patient who had paraplegia at thegery c November 2011
FIGURE 2. Long elephant trunk. The aortic arch was transected just prox-
imal to the left subclavian artery. The elephant trunk was inserted into the
descending aorta, and the anastomosis was performed just proximal to the
left subclavian artery.
TABLE 2. Comparison of preoperative, intraoperative, and
postoperative variables for patients with spinal cord injury (group
A) and patients without spinal cord injury (group B)
Spinal cord
injury
(n ¼ 4)
No spinal
cord injury
(n ¼ 57)
P
value
Preoperative variables
Age (y) 73  6 70  10 .467
Sex (female) 3 (75%) 14 (25%) .030
Dissection (acute and chronic) 1 (25%) 18 (32%) .784
Peripheral vascular disease 1 (25%) 3 (5%) .205
History of infrarenal abdominal
aortic aneurysm repair
1 (25%) 5 (9%) .292
Hypertension 4 (100%) 54 (95%) .638
Diabetes mellitus 1 (25%) 7 (12%) .466
Hyperlipidemia 2 (50%) 17 (30%) .400
Chronic obstructive lung
disease
1 (25%) 12 (21%) .852
Smoking 3 (75%) 34 (60%) .544
Chronic renal failure 0 4 (7%) .584
Cerebrovascular disease 0 9 (16%) .389
Urgent surgery 0 14 (25%) .259
Intraoperative variables
Concomitant operation 1 (25%) 16 (28%) .895
Duration of CPB (min) 225  45 243  36 .390
Duration of selective cerebral
perfusion (min)
135  25 150  27 .256
Duration of lower body
circulatory arrest (min)
64  24 72  19 .162
Intraoperative minimum 21.9  2.5 21.5  2.3 .793
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Dinitial operation. There were no deaths while waiting for the
second-stage operation and no spinal cord injury at the
second-stage operation.temperature (C)
Length of elephant trunk from
the left subclavian artery
more than 10 cm
4 (100%) 14 (25%) .001
Preserved Adamkiewicz artery 0 35 (61%) .016
Postoperative variables
Reexploration for bleeding 0 3 (5%) .638
Stroke 0 3 (5%) .638
Acute renal failure 1 (25%) 5 (9%) .292
CPB, Cardiopulmonary bypass.DISCUSSION
Since the first introduction of the elephant trunk procedure
to facilitate planned staged repairs,1 it has been widely used
for staged aortic replacement for extensive aortic aneurysms
and acute or chronic aortic dissections. The initial technique
involved thromboexclusion using a LET procedure in pa-
tients with atherosclerotic descending aneurysms.15 This
concept of the ‘‘permanent elephant trunk’’ was further de-
veloped, with reports of an elephant trunk with proximal
anastomosis between the left common carotid artery and
the left subclavian artery,16 and of a LET procedure with
a proximal anastomosis site at the innominate artery with
several cases of excellent permanent elephant trunk.8 The
stented elephant trunk procedure has also been introduced
for single-stage repair through a median sternotomy for
extensive aortic aneurysms.4,5 Further, this method was
applied to the repair of acute type aortic dissection.6,7 A
benefit of these procedures is the avoidance of left
thoracotomy, which might prevent the potential risks of
excessive bleeding, prolonged surgical time, and
respiratory failure. Distal reconstruction is also easier in
these procedures than in conventional TAR, which can be
a difficult maneuver through a sternotomy. In our institute
we routinely performed the LET procedure where
appropriate to each patient’s status. We avoid the use ofThe Journal of Thoracic and Cara rigid stent that can cause rupture of the distal aneurysm
and that makes it difficult to choose an appropriate landing
zone in the operating room without angiography. We also
consider that TAR via a median sternotomy only and the
avoidance of additional thoracotomy can reduce the
mortality rate.
Although the feasibility of procedures such as LET or
stented elephant trunk have been proven, the use of these
new treatments for arch aneurysm has led to problems
that rarely occurred in conventional TAR. Kazui and his col-
leagues9 reported excellent results of conventional TAR us-
ing antegrade selective cerebral perfusion and 4-branched
prosthetic graft, with a low stroke rate and no spinal cord in-
jury. However, after introduction of the stented elephant
trunk procedure, spinal cord injury has emerged as an unac-
ceptable cause of morbidity after this type of procedure,diovascular Surgery c Volume 142, Number 5 1087
FIGURE 3. A, Preoperative computed tomography showed the location of the Adamkiewicz artery (Th8/9). B, The length of the elephant trunk was de-
cided on the basis of preservation of the Adamkiewicz artery, and the patient did not have spinal cord injury postoperatively. Black arrow, Tip of the elephant
trunk; gray arrow, location of the Adamkiewicz artery.
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to 21.1%.4,5,10-12 The incidence of spinal cord injury in
patients with LET repair also seems considerably higher
than expected. In this study, the incidence of spinal cord
injury was 12% among all the patients having LET, and
this increased to 22% when the length of the LET was
more than 10 cm from the left subclavian artery. As such,
paraplegia after TAR is now a major concern.
Several multifactorial mechanisms have been suggested
to cause paraplegia, including occlusion of intercostal
arteries, spinal cord ischemic time, hemodynamics after
CPB, and methods of brain protection.11,17 Pulmonary
complications, history of abdominal aortic aneurysm, and
urgent operation are also considered risk factors for spinal
cord ischemia.10,17 In patients undergoing the elephant
trunk procedure, the length of LET and distal extension of
deployment have been reported as risk factors for
paraplegia.3,5,10,12 In the present study, the length of
elephant trunk from the left subclavian artery was
a significant risk factor, which is comparable with previous
reports. The underlying mechanism for this risk factor may
be thromboembolism or occlusion of the intercostal
arteries. Miyairi and coworkers18 reported autopsy cases in
which the anterior spinal artery was occluded by cholesterin
embolus and concluded that thismight be responsible for im-
paired blood flow to the spinal cord. Inasmuch as the aim of
the LET procedure is to thrombose distal aneurysms by1088 The Journal of Thoracic and Cardiovascular Sura long prosthetic graft, the length is directly related to the
number of sacrificed intercostal arteries. This is why a short
elephant trunk or stented elephant trunk is recommended for
patients with aneurysms involving only the first half of the
descending aorta, regardless of the size.3,5
The critical intercostal artery, connecting to the Adam-
kiewicz artery, is important for blood supply to the spinal
cord.19,20 The Adamkiewicz artery exits from between
Th9 and Th12 in 76% of cases and between Th7 and Th8
in 12% of cases.19 In the present study, a position 10 cm
from the left subclavian artery was generally at the level
of Th5 or Th6, which may be extended further in female pa-
tients. Therefore, occlusion of the Adamkiewicz artery is
likely an important cause of spinal cord ischemia. With re-
cent imaging advances, visualization and precise detection
of the Adamkiewicz artery can be achieved using enhanced
computed tomography or magnetic resonance imaging.20
As it was previously reported that the Adamkiewicz artery
sometimes arose at a higher level than Th7-8,19 it is safer
to determine the location of the Adamkiewicz artery before
surgery to avoid postoperative spinal cord injury. In the
present study, patients whose Adamkiewicz artery was de-
tected and preserved never experienced paraplegia, suggest-
ing that Adamkiewicz artery preservation is important.
The duration of circulatory arrest is reported to be
strongly related to the incidence of paraplegia, and spinal
cord ischemic time of more than 60 minutes carriesgery c November 2011
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performed distal perfusion when circulatory arrest time ex-
ceeded 60 minutes, and we routinely used hypothermic
CPB for organ protection. Therefore, systemic arrest time
was not a risk factor in the present study. Further, this oper-
ative strategy might be related to our result that history of
abdominal aortic aneurysm repair, which is considered to
be the cause of paraplegia in previous reports,10 was not
a risk factor. Although an animal study of selective cerebral
perfusion including the left subclavian artery revealed lim-
ited blood flow to the anterior spinal artery,22 we routinely
performed 3-vessel selective cerebral perfusion with the
aim of collateral perfusion, and this strategy may also
have influenced the incidence of paraplegia in our study.
Despite these surgical techniques targeted toward the con-
cept of collateral network of spinal cord perfusion,23 the
Adamkiewicz artery was related to spinal cord injury in
our study, which implies that this is the last factor to be re-
solved. Thus, detection and preservation of the Adamkie-
wicz artery may help reduce the rate of spinal cord injury
after the LET or the stented elephant trunk procedure.
In conclusion, although the result from a nonrandomized
study of small cohort should be interpreted with caution,
LET more than 10 cm from the left subclavian artery was
associated with increased risk of spinal cord injury. Detec-
tion and preservation of the Adamkiewicz arteries in pa-
tients who need TAR with an elephant trunk is important.
We recommend a short elephant trunk followed by retro-
grade stent grafts or LETwith preservation of the Adamkie-
wicz artery to prevent spinal cord injury in patients
undergoing TAR.
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